Abstract-Previous studies have shown that the interactions between chemicals and climatic stressors can lead to synergistically increased mortality. In the present study, we investigated the effect of seven common environmental contaminants on survival at 26 and 15uC as well as on reproduction at 15uC in the earthworm Dendrobaena octaedra. Three classes of chemicals were considered: Heavy metals (nickel, lead, and mercury), polycyclic aromatic hydrocarbons (pyrene and phenanthrene), and pesticides (abamectin and carbendazim). Phenanthrene interacted antagonistically with freezing temperatures, whereas no interaction was observed with any of the tested pesticides. Two of the three tested metals (nickel and mercury) reduced the freeze tolerance synergistically (mercury was especially potent). This suggests that traditional laboratory studies, in which organisms are exposed to increasing concentrations of a single compound under otherwise optimal conditions, may underestimate the toxicity of some metals to field populations living in cold areas.
INTRODUCTION
In traditional ecotoxicological studies, organisms usually are exposed to a single chemical at increasing concentrations under otherwise optimal conditions. The risk assessment of chemicals generally is based on such results from acute lethality tests or chronic reproduction tests. In natural environments, however, these organisms very likely will be exposed to other stressful factors in combination with chemicals of anthropogenic origin, including climatic stressors such as cold or drought. This suggests that traditional laboratory tests may underestimate the toxic effects of chemicals in natural environments. Several studies have shown that the interactions between chemicals and climatic stressors can lead to synergistically increased mortality; therefore, it is important to include such aspects in chemical risk assessment [1] .
The freeze tolerant earthworm Dendrobaena octaedra is widely distributed in the northern hemisphere, including Europe, Siberia, North America, and Greenland [2] . It lives in the litter layer, between plant roots, and in decaying tree stumps [2] , and it often is exposed to subzero temperatures, including in areas polluted by toxic chemicals. To ensure winter survival, D. octaedra accumulates high concentrations of glucose as a cryoprotectant at the onset of the body fluidfreezing process [3] and changes its lipid chemistry during cold acclimation [4] .
Earthworms play a major role in the breakdown of organic matter and the release of nutrients in many terrestrial ecosystems; therefore, they have been widely used in ecotoxicological assessment of soil pollutants [5] . In these standard ecotoxicological bioassays, the aspects of multiple stressors, including freeze tolerance, are not considered; for example, chemical influences on freeze tolerance are not included. The chemical threshold level exerting such an effect on ecologically important tolerance mechanisms is interesting, because it could play an important role in the difficult task of extrapolating from laboratory tests to field conditions.
Comparative studies regarding the toxicity of a variety of chemicals and their effects on tolerance toward another important climatic stressor, drought, have shown that in Collembola, reproduction was the most sensitive parameter for most chemicals [6] . A few compounds, however, did reduce drought tolerance at concentrations similar to or less than the concentrations that had an effect on reproduction. It is possible that these chemicals specifically affect physiological mechanisms involved in drought tolerance, such as adaptations in membrane fluidity.
It has been shown that the copper-induced reduction in freeze tolerance of D. octaedra could be explained by membrane perturbations [7] . The effects of other common pollutants on freeze tolerance have received limited attention, and only a few studies exist [8, 9] . The problem has been raised on several occasions during the last few decades [10] , however, and the present study examines the effects of several chemicals chosen to represent different modes of action, possibly enabling the identification of classes of toxicants with particular relevance for interactions with freeze tolerance. The contaminants tested include heavy metals (nickel, mercury, and lead), polycyclic aromatic hydrocarbons (PAHs; pyrene and phenanthrene), and pesticides (abamectin and carbendazim). Heavy metals are able to change the lipid composition of membranes because of their ability to induce lipid peroxidation [7, 11] . Compounds such as PAHs are likely to accumulate in membranes because of their lipophilic characteristics and their structure with no functional groups, which may affect the fluidity and function of membranes [12] . Some PAHs have been shown to reduce the drought tolerance of Collembola [6] , and because freeze tolerance and drought tolerance have many physiological adaptations in common [13] , these chemicals were expected to reduce freeze tolerance as well. The hypothesis at the outset of the present study was that previous exposure to compounds affecting membrane function (metals and PAHs) reduces the freeze tolerance, whereas pesticides with more specific mode of action do not.
In addition to testing for effect on freeze tolerance, the effect of the same chemicals on survival and reproduction (cocoon production) at 15uC also was examined, enabling a comparison of the concentration of each chemical causing a 50% decrease in survival and reproduction at optimal temperature (15uC) with the concentration causing 50% decrease in freeze tolerance (measured as survival at 26uC). These comparisons allow identification of the groups of chemicals that may be particularly potent in reducing freeze tolerance.
MATERIALS AND METHODS

Animals
Dendrobaena octaedra were collected in a coniferous forest near Silkeborg, Denmark, in the spring of 2007. The earthworms were kept in culture at 15uC in moist soil and fed a diet of cow dung. Cocoons collected from the culture were incubated at 20uC in Petri dishes layered with wet filter paper. Newly hatched juveniles were transferred to moist soil and kept in the same way as the adults until they reached a suitable size (.50 mg) for the freeze experiment or adulthood for the survival and reproduction experiment.
Test substances
Pyrene, phenanthrene, NiCl 2 , and abamectin were provided from Sigma-Aldrich. Acetone (J.T. Barker) was used as a solvent. Both PbCl 2 and HgCl 2 were provided by Merck, and Bavistin (carbendazim 50%) was from BASF Agro.
Soil and food
Topsoil from an ecologically farmed Danish pea field (Foulum, Viborg) was used for the experiment. The soil was a loamy sand consisting of 35% coarse sand, 45% fine sand, 9.4% silt, 8.9% clay, and 1.7% organic matter. The pH-H 2 O was approximately 6.8. Before use, the soil was dried for 24 h at 80uC and sieved through a 2-mm mesh. The soil was contaminated by adding a solution of the chemicals dissolved in either deionized water or acetone to obtain ranges of nominal concentrations.
Acetone was used as a solvent for pyrene, phenanthrene, and abamectin. After being mixed, these soils were placed in a fume cupboard overnight to let the acetone evaporate. The water content was then adjusted to the desired level of 20% of dry weight (pF ,2 and 50% water-holding capacity). Water was used as a solvent for the remaining chemicals. All test soils were left overnight in closed containers to equilibrate.
The cow-dung food was produced by adding 400 ml of demineralized water to 150 g of dried and finely ground cow dung.
Survival and reproduction of adults
Six to eight concentrations were used for each test chemical. Appropriate ranges of test concentrations for the various chemicals were chosen based on preliminary range-finding tests or on literature data if available. Ten worms were exposed at each concentration. The age of the worms in each treatment was the same. Each individual was placed separately in a 200-ml plastic beaker (diameter, 7 cm; height, 4.2 cm) containing 75 6 1 g moist soil (wet wt) with the required concentration of the tested chemical. Six grams (wet wt) of cow dung were added as earthworm food. The soil pH was equal (pH 6.8) in all treatments after the addition of cow dung. All containers were covered with perforated lids to allow ventilation. The worms were kept at 15uC during the four-week exposure period. At the end of this test period, survival was determined, and the cocoons were sampled by wet sieving the soil through a 1-mm mesh and counted.
Frost and chemical exposure
Animals were exposed to the required concentrations of chemicals in soil for one week at 10uC, followed by one week at 5uC and then four weeks at 2uC before exposure to the freezing temperature of 26uC. This temperature was selected to ensure moderate effects of freezing [4] . For each concentration of the various chemicals, 30 worms were exposed singly as described. Of these 30 worms, 15 were used as temperature control without freezing (2uC), and 15 were frozen as described below. Based on results of the reproduction experiments, the range of concentrations was chosen so that the highest tested concentration was expected to produce moderate effects on survival.
Unfrozen control worms were kept in the original beakers at 2uC, whereas worms destined for freezing were placed in 8-ml tubes along with a few grams of the appropriate substrate. In each lid, two small needle holes were made for ventilation. These worms were placed at 21 6 0.2uC in a walk-in freezer, and after 24 h, a small ice crystal was placed on the soil to ensure inoculative freezing of the worm [14] . After another 24 h, the worms were transferred to a programmable freezing cabinet (precision, 60.2uC) and programmed to gradually lower the temperature from 21 to 26uC (0.042uC/h). Thus, worms were frozen for approximately 5 d at temperatures between 21 and 26uC. Before the assessment of survival, the worms were transferred to 5uC and allowed to thaw. The earthworms were considered to have survived if they showed a reaction to tactile stimuli, normal locomotor activity, and no visible signs of freezing damage after 24 h.
Statistics
The effect of the chemicals at different temperatures was compared using a modified dose-response function:
where f(x) is the expected effect of a single stress factor x, x 0 is the point of inflection (roughly indicating the 50% effect level), and b is the shape parameter of the function describing how steep the slope of the dose-response curve is at the point of inflexion. If
The effect of a chemical on the probability of survival is modeled by
where c is the concentration of the chemical and l M [0,1] is the estimated residual or control mortality. Our approach was to fit the survival data to the model (Eqn. 2) under two circumstances: When temperature was nonstressing (i.e., at 2uC), and when worms were stressed by subzero temperature (i.e., at 26uC). Synergistic or antagonistic interactions between temperature and chemicals may be determined from possible differences of the dose-response curves for the survival of D. octaedra [16] . If synergy exists between temperature and the chemical, the point of inflection occurs at a lower concentration of the chemical (decrease in x 0 ) at the subzero temperature treatment compared to the control temperature treatment. On the other hand, if antagony exists between temperature and the chemical, the point of inflection occurs at a higher concentration of the chemical (increase in x 0 ) in the subzero temperature treatment compared to the control temperature treatment. Furthermore, interactions between temperature and chemicals also may appear as differences in the slope at the point of inflection (i.e., b of the dose-response curves). The occurrence of statistically significant differences of estimated values for b and x 0 in the two situations were tested using a likelihood-ratio test. Similarly, the effect of a chemical on the mean number of cocoons by a single adult is modeled by
where c is the concentration of the chemical and a c is the estimated mean number of offspring in the control treatment.
The concentration causing 50% lethality (LC50) and the concentration causing 50% reduction of cocoon production (EC50) are calculated as log(2 + exp(bx 0 ))/b. Equation 2 was fitted to the survival data of D. octaedra assuming the number of survivors were binomially distributed [15] . Equation 3 was fitted to the reproduction data of D. octaedra assuming the number of offspring from each adult was Poisson distributed.
The log-likelihood functions of the regression models were maximized using the NMaximize routine in Mathematica (http://integrals.wolfram.com/index.jsp) with the described constraints on the parameters. The fit of the model was checked by plotting the residuals or by comparing the observed and predicted values in graphs and tables.
To calculate the 95% credibility intervals of the LC50 and EC50, which are derived from model parameters, the joint Bayesian posterior distribution of the parameters were calculated using Markov-chain Monte Carlo methodology (Metropolis-Hastings algorithm) with a multinomial candidate distribution (100,000 iterations, with a burn-in period of 1,000) and where the previous distribution of the parameters was assumed to be uniformly distributed in their domain [17] .
RESULTS
Adult survival and reproduction after exposure to chemicals
The survival of adults at 15uC in all control treatments was 100%. Increasing concentrations of pyrene, phenanthrene, carbendazim, nickel, and mercury caused a significant decline in survival compared to controls, whereas survival was unaffected at all tested concentrations of lead and abamectin (Fig. 1) . (Fig. 1) . Based on the results presented in Figure 1 , the LC50 and EC50 were estimated when possible; otherwise, they are indicated as larger than the maximum test concentration (Table 1) .
Freeze survival
The freeze treatment in general caused 33 to 53% mortality in controls (Fig. 2) . The dose-response curves for nickel and mercury differed significantly between the two temperature treatments, showing that these two metals interacted with temperature. For nickel, the x 0 values of the two curves were statistically different ( p 5 0.02), with estimated LC50s of 261 and 207 mg/kg at 2 and 26uC, respectively. Thus, a significant synergistic interaction between temperature and nickel was observed. For mercury, the two dose-response curves also were different. Here, b was significantly higher at 26uC (p 5 0.0008) than at 2uC. Furthermore, LC50 at 26uC was evidently much lower than at 2uC ( Table 1) , showing that mercury drastically reduced freeze-tolerance (or vice versa), with 100% mortality even at the lowest tested concentration of mercury (Fig. 2) . Lead had no effect on freeze survival (Fig. 2) .
A significant antagonistic interaction was found between phenanthrene and freezing, where the x 0 values of the two dose-response curves were significantly different ( p 5 0.04). The lethality to worms in the control series (2uC) increased strongly at concentrations greater than 150 mg/kg dry weight, whereas the lethality to those worms that were simultaneously exposed to freezing was not affected within the tested range of concentrations (Fig. 2) . No significant interaction was found between pyrene and freezing, although a tendency similar to that of phenanthrene exposure was observed (Fig. 2) . No interaction was observed between freezing and exposure to the two pesticides, abamectin and carbendazim. Exposure at the two lowest concentrations of carbendazim, however, seemed to increase freeze survival considerably (Fig. 2) .
DISCUSSION
Toxicity at 15uC
Toxicity data for D. octaedra are very scarce, so of necessity, comparisons are made with data from other earthworm species. In general, D. octaedra seemed to be more sensitive to metals compared with other earthworm species. For nickel, the LC50 (297 mg/kg dry wt) and EC50 (121 mg/kg dry wt) in the present study were somewhat lower than values reported by Lock and Janssen [18] in Eisenia fetida (LC50, .1,000 mg/kg dry wt; EC50, 362 mg/kg dry wt) or by ScottFordsmand et al. [19] in Eisenia veneta (LC50, 684 mg/kg dry wt; EC50, 300 mg/kg dry wt). With respect to mercury, both the LC50 (38 mg/kg dry wt) and the EC50 (7.7 mg/kg dry wt) from the present study were lower than those reported by Lock and Janssen [20] , who did not report mortality in E. fetida even after exposure to the highest tested concentration of 100 mg/kg dry weight and who found an EC50 for reproduction of 9.2 mg/kg dry weight after three weeks of exposure.
In a study by Langdon et al. [21] , three different species of earthworms were exposed to lead at concentrations of up to 10,000 mg/kg dry weight. Only Aporrectodea caliginosa showed a minor decrease in survival of 2.5% at 1,000 mg/kg dry weight, whereas no mortality was observed in Eisenia andrei and Lumbricus rubellus at this concentration. Spurgeon et al. [22] did not find any significant mortality of lead in E. fetida at 2,000 mg/kg dry weight. These previous results are in good agreement with those of the present study, in which only 10% mortality was observed at 1,200 mg/kg dry weight. Spurgeon et al. [22] also did not find any decrease in reproduction at 400 mg/kg dry weight, which indicates that this parameter is more sensitive in the present study, with a clear reduction in cocoon production at 400 mg/kg dry weight and an EC50 of 501 mg/kg dry weight.
In the present study, pyrene caused a comparatively low toxicity and phenanthrene a rather high toxicity when compared to other studies. Brown et al. [23] reported a LC50 for pyrene in L. rubellus of 283 mg/kg dry weight and an EC50 of 90.3 mg/kg dry weight, compared to 368 and 148 mg/kg dry weight, respectively, in the present study. Sverdrup et al. [24] reported a LC50 for pyrene to be 155 mg/kg dry weight in E. veneta. Sverdrup et al. [24] reported a LC50 for phenanthrene, however, that was higher than the LC50 in the present study (134 vs 81 mg/kg dry wt).
No evidence of increased mortality was found at any of the tested concentrations of abamectin. This is in good agreement with results from a study by Kolar et al. [25] , who also noted 100% survival in E. andrei exposed to 9 mg/kg dry weight. Those authors reported a LC50 of 18 mg/kg dry weight. However, the EC50 of E. fetida was much lower in the study by Jensen et al. [26] (1.03 mg/kg dry wt) compared to that in the present study with D. octaedra (6.6 mg/kg dry wt). Contrary to the results with abamectin, carbendazim appeared to be more toxic in the present study compared to other studies: Ellis et al. [27] reported LC50s for carbendazim of between 6 and 16 mg/kg dry weight after studies performed in different test soils.
All these differences in toxicity data can be the result of differences in species sensitivity [21] or test durations or of differences in test soils and, thereby, a difference in bioavailability of the chemical [5, 28] . The LC50s and EC50s of the present study, however, are within an order of magnitude of other published results, which is within the currently accepted level of variation for interlaboratory tests.
Interaction between chemicals and subzero temperature
The present study examined the effect of seven common compounds, representing at least three different modes of toxicological action, on the freeze tolerance of D. octaedra. These compounds included PAHs (pyrene and phenanthrene), pesticides (abamectin and carbendazim), and heavy metals (nickel, mercury, and lead). The present results suggest that only two of the seven tested chemicals have an impact on the freeze tolerance of D. octaedra. Both of these chemicals (nickel and mercury) are heavy metals. Copper already was known to reduce the freeze tolerance of D. octaedra [7, 14] , and like copper, both nickel and mercury cause lipid peroxidation [11] . Copper, for example, has been shown to alter the membrane phospholipid composition in D. octaedra [7] . Polyunsaturated fatty acids that contain two or more double bonds are particularly susceptible to lipid peroxidation [29] and are the same phospholipids thought to increase in proportion within membranes during the homeoviscous adaptation that occurs with falling temperatures, an important adaptation to survive freezing [30] . Lead also is known to cause lipid peroxidation [11] , and it was expected to reduce freeze survival by the same mechanisms as noted for copper. On the contrary, no evidence of this was found in the present study, perhaps because the tested concentrations were too low (no mortality was seen in the controls). Lead, however, did have a severe effect on reproduction.
Contrary to expectations, D. octaedra was significantly more susceptible to phenanthrene at the control temperature than at the freezing temperature. This tendency, although not significant, also was observed with pyrene. It is possible that worms in the control group had higher internal PAH concentrations at the end of the experiment compared with those exposed to 26uC, where no further accumulation would be expected because the water of the soil was frozen, thus reducing diffusive uptake. However, survival in the control series (worms exposed to 2uC) was the same at the end of the six-week acclimation period and after the additional 6 d at 2uC where worms in the frost treatment were subjected to subzero temperatures. This suggests that the increased mortality in the control series was not caused by differences in internal PAH concentrations. Compounds such as PAHs likely accumulate in membranes because of their lipophilic characteristics and structure (no functional groups), and they might actually increase fluidity [12] . One can speculate that an increase in fluidity may be an advantage during freezing, thereby compensating for the increasing mortality with increasing exposure concentrations, as observed at control conditions.
The two pesticides tested in the present study did not impact freeze tolerance. This probably is a result of their quite specific toxic mode of action, which does not negatively interfere with physiological adaptations involved in freeze tolerance. Abamectin is a neurotoxin and inhibits gammaaminobutyric acid-induced neurotransmission, causing paralysis in parasites [31] . Carbendazim works by inhibiting fungal development, probably by interfering with spindle formation during mitosis. These modes of action are presumably the same in D. octaedra, and both chemicals were inherently toxic, with effects on reproduction, but had no effect on freeze tolerance. On the contrary, low concentrations of carbendazim actually increased freeze tolerance from 37% in controls at 26uC to 60 and 73% at 0.25 and 0.5 mg carbendazim/kg dry soil, respectively. Carbendazim has been shown to alleviate effects of water stress on chickpea seedlings [32] . In that study, carbendazim acted as a stress protectant by enhancing the accumulation of osmolytes, such as proline, sucrose, and glucose in the seedlings. Furthermore, increased membrane stability was observed in those chickpea seedlings exposed to increased water stress in combination with carbendazim as compared to that in seedlings exposed to water stress alone. The increased membrane stability may be a result of the observed decrease in lipid peroxidation, measured as a lower concentration of malondialdehyde in the seedlings exposed to low concentrations of carbendazim. It is well documented that glucose acts as a cryoprotectant in D. octaedra [3] and that the phospholipid fatty acid composition of cell membranes has an influence on freeze tolerance [4] . It could be speculated that the ability of these chemicals both to induce glucose accumulation and to reduce lipid peroxidation in chickpea seedlings also might be the case in D. octaedra, which would provide some explanation for the increased freeze survival after exposure to low concentrations of carbendazim. However, further studies are needed to substantiate this suggestion.
Comparisons between toxicity tests
For most of the tested chemicals, reproduction was affected at lower concentrations than necessary to reduce freeze tolerance. The only two exceptions were mercury and copper, which were particularly potent in their effects on freeze tolerance. At the lowest tested mercury concentration of 10 mg/kg dry weight, a very strong synergistic interaction was seen, with 100% mortality in frozen worms, indicating that this effect may occur at even lower concentrations. Both copper and mercury (but especially mercury) block aquaporins [33, 34] , which are integral proteins channeling transmembranous transport of water and osmolytes, such as glycerol [35] . For freeze-tolerant organisms, it has been proposed that blocking of aquaporins may increase the risk of intracellular freezing, which is lethal [36] . Nickel did reduce freeze survival at concentrations less than those reducing survival at 15uC; however, reproduction was even more sensitive. Lead did reduce reproduction at much lower concentrations than observed for survival at both exposure temperatures, but no effect on freeze tolerance was observed within the tested concentrations. It should be kept in mind, however, that for the survival/reproduction test, the worms were kept for four weeks at 15uC, and for the freeze-tolerance test, they were exposed for six weeks at lower temperatures. Therefore, comparisons between the two types of results should be made with caution. The possibility of differential aging processes of the compounds, which may be temperature dependent, could mean that exposure was not the same in reproduction and freeze-tolerance experiments. The survival data offer some possibility for comparing these two experimental setups. For nickel and mercury, the control survival in the freeze-tolerance tests was comparable to that in the reproduction test (compare Figs. 1 and 2 ). For phenanthrene, however, mortality in the freeze controls was much less than that in the reproduction test at the same concentration, which could indicate either that aging of the compound in the soil is increased at lower temperatures or that uptake into the worm is decreased.
The metal concentrations used in the present study were within the range that can be found at many metal-contaminated field sites where D. octaedra often is found [37, 38] , suggesting that simultaneous exposure to freezing temperatures could have an ecologically significant impact on these earthworms in copper-and mercury-contaminated sites. The results of the present study therefore suggest that this knowledge could be valuable in the development of ecological risk assessment for metals and, possibly, other chemicals.
Coniferous forests are significant sinks for atmospheric PAHs and, in one study [39] , sequester almost fourfold more pyrene than a nearby grassland site. This results from adsorption of PAHs to the lipophilic needle cuticle and subsequent incorporation into the soil organic horizon. Dendrobaena octaedra, which typically is found in coniferous forests, therefore likely is exposed to high concentrations of PAHs. The present study shows that D. octaedra is susceptible to PAH pollution, especially phenanthrene, but that the sensitivity does not increase in areas where freezing imposes a further stress. On the contrary, it seems that D. octaedra is less sensitive to PAHs at low temperatures. The present results suggest that the safe environmental concentration of PAHs calculated from standard reproduction tests seems to be protective for effects on freeze survival and, thereby, are suitable for use in risk assessments involving cold areas.
In conclusion, three of four heavy metals that have been tested so far significantly reduced the freeze tolerance of D. octaedra (with data for copper originating from previous studies). This indicates that the assessment of the toxicity of metals by traditional laboratory studies, in which test organisms are exposed to only one stress factor under otherwise optimal conditions, might underestimate the effect of metals on survival of field populations living in cold areas. Science-based extrapolation from laboratory toxicity tests to the field population would benefit from studies including natural stress factors, such as freezing. On the other hand, this does not seem to be of equal importance in the case of the tested PAHs and pesticides.
